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Abstract 


Ceramics in the system (l-x)Al 2 03-xSrTi0 3 with x=0.0 1,0.02, 0.05, 0.08 
(by weight) have been prapared and characterized with respect to their density, 
phases, microstructure and dielectric properties. Only AI2O3 and SrTiO.3 phases arc 
found in the calcined powders. Two additional phases SrAl 12 0)9 and SrT^AlsOm , 
are also observed in the sintered samples. High density (95 to 96%) is obtained 
for the composition 5wt% SrTi0 3 . Changes in the lattice parameters of A1 2 0 3 and 
SrTi0 3 with composition indicate that some solid solution formation is occuring. 
The dielectric constant of the ceramics is found to be between 9.5 to 10.5. The 
temperature co-efficient of resonant frequency (TCF) of lwt% sample is -43 and 
changes to +11.3 for the 8wt% sample. Thus it appears feasible to design 
composition with near zero TCF in the system. Co-axial resonator devices 
prepared using the lwt% composition have a quality factor of 800 at 1.8 GHz 
which is in the acceptable range for the co-axial resonator devices. 
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CHAPTER-1 


Introduction 

1.1 General 

In recent years there has been a rapid development in microwave 
telecommunication technology for applications such as car telephone systems, 
portable telephones and satellite broadcasting receivers[l]. Microwaves are also 
used in defence systems such as radar, sonar and weapon guidance systems. Other 
applications are commercial systems like data communications and video/audio 
communications. 

Now a days reduction in the cost and size are the main parameters in the 
designing of microwave circuits. The most important components used in 
microwave circuits for applications such as broadcasting via satellite and mobile 
telephones are resonators and filters. Till 1980’s these components used to be 
large cavity resonators made of invar or copper. Invar wave guide is used in 
applications where high temperature stability is required and lower cost copper 
wave guide is used in applications where low temperature stability can be 
tolerated. The size of these wave guide resonators is not compatible with strip line 
integrated circuits[2]. 

Recently microwave telecommunication technology has advanced by 
miniaturization of components of microwave circuits which is mostly in terms of 
miniaturization of resonators, through the development of microwave dielectric 
ceramics[3], A high dielectric constant (s r ), a high quality factor (Q), and a zero 
temperature co-efficient of resonant frequency (Tf) are the dielectric properties 
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required for a microwave resonator material. Dielectric resonators are suitable for 
the development of microwave systems as they offer the possibility of size 
reduction for microwave components (size al/Ve,, where s r is relative permittivity 

of dielectric materials) [4], All the requirements high ‘Q’, high temperature 
stability and small dimensions can only be met by the use of dielectric ceramics 
resonators. The quality of a resonator depends upon the dielectric properties of the 
material at microwave frequency. 

1.2 DIELECTRIC RESONATOR 

A dielectric resonator is made of a low loss, high dielectric constant and 
temperature stable ceramic material in a regular geometric form like disc, co-axial, 
spherical etc. For a practical resonator the cylindrical (disc type) structure is more 
preferred than other type of structures because cylindrical resonators do not have a 
large number of degenerate modes and are easier to fabricate and mount in 
microwave circuits. The dielectric properties of ceramic materials to be considered 
for use in dielectric resonators in microwave circuits are[3], 

(a) high unloaded quality factor (Q 0 ) 

(b) low temperature co-efficient of resonant frequency ( x f ) 

(c) high dielectric constant (s r ) 

1.2.1 PARAMETERS OF DIELECTRIC MATERIALS 
QUALITY FACTOR (Q) 

The quality factor l Q’ is an important parameter for every dielectric 
material which is to be used for electronic device applications. The quality factor 
‘Q’ of a dielectric resonator is defined as[5], 
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Q = f r /Af=co/Aco 

where ‘ff is the resonant frequency and ‘Af ‘ is the band width between the 
frequencies f,-Af/2 and f r +Af/2 for which the electric and magnetic energy is 
reduced to 1/^2 times of its value at resonant frequency ‘fj’ (co = 2nf). 

The quality factor is also written as. 


2 k maximum energy' stored 
energy dissipated per cycle 

Which gives, 


0 = 



MiL 

R 


Where X L = Reactance 
L = Inductance 
R= Resistance 


TEMPERATURE CO EFFICIENT OF RESONANT FREQUENCY (x f ) 
The temperature co-efficient of dielectric constant is given by. 


where ‘<3K’ is the change in dielectric constant (K) due to a small change in 
temperature WT\ 

The temperature co-efficient of resonant frequency is defined by[6], 
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TCF and TCK are related[7]. 


TCP =- 


TCK 

a , 

i 


Since TCC = TCK +a, we get 
TCP =-^{TCC + a) 

where a = co-efficient of thermal expansion and TCC’ is the temperature co- 
efficient of capacitance 
DIELECTRIC CONSTANT (e r ) 

The dielectric constant of a dielectric material is defined by, 

, Capacitance of the capacitor with dielectric material 

Dielectric C ons tan t(c,.) = ; 

Capacitance of the capacitor without dielectric material 


At present two types of resonators are used. These are co-axial A./4 
resonators for use in the frequency range upto 3GHz and solid dielectric resonators 
for use in the frequency range upto 30 GHz [6]. The quality factor (Q) of co-axial 
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resonators is usually limited to values < 1500 due to finite conductivity of the 
electrode material. But in case of solid dielectric resonator there is no electroding. 
So in this case the quality factor is limited by the material’s quality factor. The 
material’s quality factor is the determining property for the behaviour of 
oscillators and filters. In order to produce low noise oscillators and narrow band 
width microwave filters with low dielectric loss, the resonators should posses a 
high quality factor. So solid dielectric resonator is more preferable over co-axial 
resonator. 

The dimension (L) of a co-axial resonator is given by[6], 

L=ao/4 Ve r 

The high dielectric constant (s r ) ceramics are used to reduce the size of the 
microwave circuit components. The size of the resonator determines the resonant 
frequency of the material. Now the development of large scale integration (LSI) 
and very large scale integration (VLSI) has promoted the production of multilayer 
substrates in order to reduce size[8], higher integration density and better 
reliability for electronic systems. A low K dielectric ceramic is also used as a 
substrate because it reduces the time delay of electronic signals during propagation 
through the conductor, which is fabricated on the substrate[9]. 

Low K dielectric ceramics are used in applications such as multilayer 
substrates in insulating the conductors in hybrid circuits[7] as low permittivity 
minimises coupling between components on substrate surface . 

1.2.2 APPLICATIONS OF DIELECTRIC RESONATOR 


(i) Frequency stabilization of oscillator 

5 



Dielectric resonators can be used to make compact frequency-stable 
oscillators with high quality factor and low noise. Dielectric resonators can also be 
used to stabilize voltage controlled oscillators that can be tuned in a wide range of 
frequency. Figure (1.1) shows the schematic circuit diagram of the “ out door ” 
unit of a receiver for 12 GHz satellite television in which the oscillator is 
stabilized by a dielectric resonator. Figure (1.2) shows the cross section of DR- 
oscillator for high capacity digital radio system[6]. 

( ii ) Microwave filters with dielectric resonator 

The high unloaded quality factor of dielectric resonators makes it possible 
to produce filters with narrow bandwidth and low loss. Figure (1.3) and fig (1.4) 
show the application of dielectric resonators as band pass filters[6]. 

1.2.3 APPLICATIONS OF CO-AXIAL RESONATOR 

(i) Stabilization of oscillators 

In the transmitting branch as well as in the receiving branch, channel 
tunning occurs by a voltage controlled oscillator. The figure (1.5) shows the circuit 
diagram of the radio frequency part of a cord less telephone in which the voltage 
controlled oscillator is stabilized by co-axial resonatorfb], 

(ii) Microwave filters 

The band pass filters in the transmitting and receiving branch as well as the 
duplex filter on the antenna side for de-coupling transmission and receiving band 
can be produced by ceramic co-axial resonator[6] and is shown in figure 1.6. 

(iii) Dielectric Substrates: 

Microwave ceramics with high e r can be used as MIC substrates [6]. 
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Figure 1.1: Schematic circuit diagram of the “out door” unit of a receiver for 1 
GHz Satellite television [63 . 



Figure 1.2: Cross section of DR-oscillator for high capacity digital radio syste 
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AF Out 


Fi mire 1 5' Circuit diagram of the radio frequency part of a cordless telephoi 
which the voltage conholled oscillator is stabilized by co-axial resonator 
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Figure 1.6: Microwave filters made of ceramic co-axial resonators ^ 
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1.3 DIELECTRIC RESONATOR MATERIALS 


Some important microwave dielectric ceramics used in dielectric resonator 
are given in the table below[6]. 

TABLE: 1.1 Dielectric properties of some important microwave dielectri 
ceramics. 


Ceramic 

Sr 

TCF 

(ppm/°k ) 

Q 

2 GHz 

20 GHz 

Ba 2 Tit)02o 

40 

2 

15,000 

2000 

Zr 0 gSn ()2 Ti0 4 

38 

0 

15,000 

3000 

BaTi u [(Ni\Zn i. x ),/ 3 Ta m ] i. u 0 3 

30 

-3 ...3 

26,000 

5000 

Ba[Sn x (Mg |, 3 Ta 2 / 3 ) i-x]0 3 

25 

~0 

>40,000 

10,000 

Nd 2 0 3 -Ba0-Ti0 2 -Bi 2 0 3 

~90 

~0 

3,000 

— 


1.3.1 MgTiQ 3 -CaTi0 3 System 

TABLE -1.2 Dielectric Properties of MgTi0 3 and CaTi0 3 Ceramics at 7 GHz. 



s,- 

Q 

tr 

MgTi0 3 

17 

22,000 

-45 

CaTi0 3 

170 

1800 

+800 


The temperature co-efficient of resonant frequency exhibits large negative 
and positive values for the Mg and Ca titanates respectively [4]. For practica 
applications a mixed composition of approximately (Mg o.ysCa 0 . 05 ) Ti0 3 is u*.. mil) 
selected to yield t r ~0. 

1.3.2Ba 2 Ti902oandBaTi 4 0()Systems 

Barium titanate ceramics in the system Ba 2 Ti<) 0 2 (rBaTi 40 <) [4] have relative 
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permittivities ~ 40 are comparable with those of (Zr,Sn)Ti0 4 ceramics and ( 
values at 4 GHz are typically 8000. Such materials have proved suitable for 
practical applications at 1 1 GHz. The properties of Ba 2 Tiq0 2 o-BaTi 4 Oc) ceramic 
also appear to be sensitive to the presence of trace element contaminants and th 
furnace atmosphere during cooling after sintering. 

1.3.3 (Zr,Sn)Ti0 4 System 

Zirconium titanate based ceramics have been recognized as temperaturi 
stable dielectrics[4]. The addition of Sn to form solid solution of (Zr,Sn)Ti0 4 lead; 
to stabilization of high temperature form and the enhancement of the dielectric Q 
value. Good quality ZTS ceramics can be prepared by the mixed oxide an< 
chemical route. The dielectric Q-value depends upon the cooling rate. If th< 
cooling rate is slow, then the Q-value is more. If the cooling rate is rapid, then the 
Q-value is less. The variation of TCF and Q-factor of ZTS ceramics with Si 
content are given in figure (1.7) and fig (1.8)[6]. 

1.3.4 Complex Perovskites 

Dielectric resonators with a complex perovskite structure have 
permittivities in the range 25-30 and Q-values in the range 10,000-40,000 at 1( 
GHz[6]. BalZni^Tai/QCb and Ba( Mg i /3 T a 2 / 3 ,0;,- BaSn0 3 are the two main systems 
in this perovskite system •. Perovskite dielectric ceramics are sensitive to purit) 
and composition and elimination of 2nd phase is essential to attain highest Q - 
values. 

1.3.5 Ba0-RE 2 0 3 -Ti0 2 System 

The demand for microwave dielectric ceramics of smaller size and higher 
relative permittivity stimulated research into a new family of materials based on 
Ba 0 -M 2 03 -Ti 0 2 , where ‘M’ is a rare earth species[4], Kolar investigated the 
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system Ba0-Nd 2 0 3 -Ti0 2 and found that the relative permittivity is up to 9/ and 
Q-value up to 3,000 at 1MHz. The best properties were achieved for these 
ceramics with compositions 1:1:5 and 1:1:4 (BaO : Nd 2 0 3 : Ti0 2 ). The other 
dielectric ceramics in this system are Ba0-Sm 2 0 3 -Ti0 2 , Ba0-La 2 0 3 -Ti0 2 and 
Ba0-Bi 2 0 3 -Nd 2 0 3 -Ti0 2 . 

1.4 Statement of the Problem 

Alumina is a low dielectric constant (s~10) low dielectric loss material 
(tan 8 1-10x10 4 at 1-10 GHz). It is commonly used as a substrate for microwave 
circuits. However for application to microwave components (e.g resonators 
/filters) its temperature stability is a limiting factor. The temperature co-efficient 
of resonant frequency of A1 2 0 3 is ~(-67 -82) ppm/°C, which for resonator 
applications is unacceptable. To achieve a near zero temperature co-efficient, in 
A1 2 0 3 based dielectrics, a suitable second phase is required. SrTi0 3 has a large 
temperature co-efficient of resonant frequency ~ +1700 ppm/°C which is of 
opposite sign[10] to that of Al 2 0 3 . Thus by having a two phase (A1 2 0 3 and SrTi0 3 ) 
ceramic in suitable weight ratios, it is expected that a near zero temperature co- 
efficient of resonant frequency material may be obtained. 

Perry and Alderton[l 1] have reported the phases obtained in Al 2 0 3 -SrTi0 3 
samples of different compositions (3 to 23 wt% SrTi0 3 ). They found that while 
A1 2 0 3 was the main phase in the 3 and 10 wt % SrTi0 3 compositions, in the higher 
composition the main phase was Sr0.6Al 2 0 3 . No significant amount of SrTi0 3 
phase was found in any composition. The authors suggested that the temperature 
stabilization suggested by Atlas et al may be due to Sr0.6Al 2 0 3 rather than due to 
SrTi0 3 . The dielectric constant and TCF of a multiphase ceramic can be predicted 
reasonably - by using suitable rules of mixture if the corresponding data for the 
pure phases is available. The values of the dielectric constants and TCP’s of A1 2 0 3 
and SrTi0 3 are known but that of Sr0.6Al 2 0 3 have not been reported to the best of 
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our knowledge. In order to decide on the range of composition which might yield 
the desired values (dielectric constant =10, TCF=0) one has there fore to make 
some assumptions. We have assumed that the values of these parameters for 
SrO.6Al2O.-i are not too different from those for SrTiCb. Based on this assumption 
we have selected the composition range ATO3 1 to 8 wt% SrTiOj for 
investigation. The aim of the investigation is to prepare samples in this 
composition range with good sintered density and to characterize them with regard 
to their phases, microstructure and dielectric properties. It is also planned to make 
a device out of the suitable composition and measure its performance. 
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CHAPTER-2 


Experimental Procedure 


2.1 Sample Preparation 


The specifications of the starting powders are given in Table-2.1. All the 
three powders AI2O3, TiCK and SrCCE, were weighed separately and kept inside an 
oven for 24 hours at 120°C. After removing from the oven, the individual powders 
were weighed again. The losses due to the adsorbed moisture are given in Table: 1. 
Weighed amount of each individual dried powder was further heated separately in 
a furnace at 1 000°C for 4 hours. The weight loss on ignition was obtained and is 
also given in Table: 1. No decomposition of SrCC>3 occurs at 1000°C . 


TABLE :2. 1 The specifications of the starting powders . 


s. 

No 

Powder 

Supplier 

Purity 

Molecular 

Weight 

Density 

Wt loss 
On 

drying 

Wt loss 

On heating 
dried powder 
to 1 000°c 

1 . 

ALCp 

Sumitomo 

Chemical Co. Tokyo 

99.9 % 

101.96 

3.987 

0.3 

0.36 

2 

TiO; 

Aldrich Chemical 
Company, Inc 

UK 

99+% 

79.90 

3.900 

0.3 

0.8 

3. 

SrCO : , 

New India 
Chemical 
Enterprises, Kochi 
682024 

— 

147.63 

3.700 

0.35 

3.25 
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2.2 Batch Preparation, Calcination and Pressing 

The samples were prepared to yield the composition (l-x)Al 2 03 -xSrTi 0 3 
with different weight fractions (x=0. 01, 0.02, 0.05, 0.08). The calculation of the 
required amounts of each powder for a particular composition and for a particular 
batch is given in Appendix A. For the preparation of a particular batch with a 
particular composition, the calculated amounts of the starting powders were taken. 
These powders were taken in a teflon jar for mixing by ball milling. Alumina balls 
and propanol were added to this powder for the first ball milling. The weight of 
the A1 2 0 3 balls was four times the weight of the powder. The volume o f the 
propanol was ( 1 .5 x weight of powder) ml. The powder was ball milled for 4 hours 
at 2.5 speed mark. After ball milling the slury was dried in an oven at 100-1 10°C. 

The dried powder was calcined for 4 hours at two different temperatures 
(1 100°C, 1 150°C) separately. The powder was kept in an alumina crucible covered 
by a perforated A1 2 0 3 lid .For calcination the furnace programming was as 
follows. 7°C/min.from room temp to 900°C, 5°C/min from 900°C to 1100°C, 
soaking for 4 hours, cooling at 5°C/min from 1100°C to 900°C, 6°C/min from 
900°C to room temperature. The weight of material was measured before and after 
the calcination to confirm that there is no significant weight loss beyond what is 
expected. 

The above calcined powder was ground in mortar pestle for a few minutes. 
Then the calcined powder was again ball milled with triple distilled water for a 
second time .The weight of alumina balls and volume of triple distilled water were 
similar to first ball milling. 2 wt% poly ethylene glycol (PEG) dispersant was 
added during second ball milling. After ball milling for 4 hours, 1% PVA solution 
(1 grn of PVA powder in 100 ml of distilled water) was added as a binder to the 
above slimy. For each gram of powder 1 ml of PVA solution was added. Ball 
milling was then continued for 15 more minutes. 
The slurry was then dried in the oven at 100-1 10°C until nearly dry. 
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The binderised powder was passed through a seive of size 70-80 mesh to get it in 
the form of granules. Preweighed amount of powder was pressed into pellets .The 
amount of powder was about 1.6 gms which produced a sintered pellet 10 mm dia 
x 5 mm high. The powder was pressed into cylindrical pellets of 12 mm 
diameter in a hydraulic press using a steel die .The maximum load applied was 20 
kN. After 2 minutes of the attainment of maximum load, the load was released 
.The pressure used was 200 Mpa. 

2.3 Binder removal and Sintering 

The pressed pellets were heated in a furnace from room temperature to 
600°C at 3°C/min, held for 3 h for the removal of binder and then cooled from 
600°C tol00°C at 5°C/min. After removal of the binder the pellets were pla' jd in 
the furnace for sintering. The pellets were heated from room temperature to 900°C 
at 7°C7min, from 900°C to 1400°C at 5°C/min. and held for 2 hours. After this 
cooling wus done from 1400°C to 900°C at 5°C7min, and from 900°C to 200°C at 
6°C/min. 

2.4 CHARACTERISATION 

2.4.1 Density and Phases 

The density of the sintered samples were calculated by measuring the 
diameters and the heights and masses of the pellets .The various crystalline phases 
present in the calcined powders and also in the sintered samples were determined 
by x-ray powder diffraction using a monochromatic Cuka radiation. 

2.4.2 Dielectric Properties 

For dielectric constant s r and TCF (x r ) measurements at 12 MHz, 1mm thick 
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discs with parallel faces were sliced from pellets using a low speed diamond saw. 
Both sides of the discs were coated with a silver paste (Eltecks Corporation 
Bangalore, Code No: 0070). Care was taken to see that the two sides are not 
shorted .The silver paste was cured at 120°C for 2h in an oven. 

The silver coated disc was held in a holder shown in figure 2.1 [12] and its 
capacitance at 12 MHz was measured using an impedance analyzer ( Model HP 
4 192 A ). The relative permittivity was calculated using the formulae, 

40 

C = — 77 

ns n d 

where s 0 is the permittivity of free space (8.85x 10' 12 F/m). ’C’ is the capacitance 
of the disc, ‘f and ‘d’ are the thickness and diameter of the sample respectively 
.The temperature co-efficient of capacitance (TCC) was also measured with the 
help of the impedance analyzer. The TCC was measured from room temperature 
to 70-80°C. It was calculated by the formula given as below. 

Trr I f(C)-QT'i) 

C(T,) T,-T t 

where C(T,) and C(T 2 ) are the capacitances at room temperature T| and at a 
higher temperature T 2 (70-80°C).The temperature co-efficient of resonant 
frequency (TCF) was calculated by using the relation . 

TCF = ~~{TCC + a) 

where ‘of is the linear co-efficient of thermal expansion .The value of ‘of was 
taken to be 7x10 0 0 C'' same as that for a-Al 2 0 2 as the amount of the other phase 
in all samples is very small (<5%), 
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Teflon Block phosphor Bronze Spring 




Figure 2.1: (a) Schematic diagram of sample holder, (b) Schematic arrangement for diele 

ri2i 

constant and TCC measurement. 


01 





2.4.3 Lattice Parameter Determination 

For determination of the lattice parameter only the high angle peaks 
(0>6O°) were used[13] .The peaks were indexed using the standard X-rays data file 
.The lattice parameters of cubic, hexagonal and rhombohedral systems were 
determined as follows. 

Cubic System (SrTiO-?) 

In case of cubic system, the general formula used for lattice parameter 
calculation is. 


A a llr +/r +? 

a = 

2sin0 

where is ‘a’ is the lattice parameter of the system, ’0’ is the angle of diffraction, 
’A’ is wave length of x-ray radiation and h k 1 are the miller indices of the peaks 
present in the x-ray diffraction pattern. For all angles above 60°, lattice parameter 
‘a’ values were calculated and then these calculated values were plotted against 
cos 2 0. The most accurate value ‘a 0 ’ was calculated by extrapolating the plot to a 
value ofcos 2 0 ~0, as ''0’ approaches 90°. 

Hexagonal System (SrAl^Oio) 

SrAl i2 0|,) has hexagonal crystal structure. From the x-ray diffractogram, 
first the lattice parameters (a H , c) of the equivalent hexagonal lattice are 
determined. The general formulae used for lattice parameter calculation in 
hexagonal systems are[13]. 
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A 


sin0 


-(/r +hk + r-)+- 


I 2 


. v 


a) 


c = 


A 


sin0 v{a 


c) 2 (/r +hk + k 2 ) 1 2 
3 4 


The accurate lattice parameters in this system were obtained by successive 
approximation. At first approximate values of ai and c, of the lattice parameter 
were calculated. Then the approximate ratio c^/aj was calculated. Again using 
c i /a i , the approximate values of ‘a’ was calculated for various higher angles. 
Again plotting k a'’ against cos 2 0 value, we get a 2 value. Similarly l c 2 ’ was 
calculated. Again taking c 2 /a 2 ratio c 2 and a 3 values were calculated and so on. The 
repetition takes place for five successive times before consistent results are 
obtained. 

RhombohedralSystem (A1 2 0 3 ) 

The parameters (a R ,a) of rhombohedral system can be determined by using 
the following formulae[13]. 


3a, r +c~ 
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where a H and c are the parameters for hexagonal system. All these are calcCated 
using a programme. The programme used is given in the Appendix E. 

2.4.4 Microstructure Studies by SEM 

For the study of microstructure, the sintered pellet of different 
compositions were polished to 0.25pm .The procedure of polishing the samples 
was as follows. 

(a) Polished with SiC(2pm) powder with water on the glass plate for 30 minutes. 

(b) Polished with AFO 3 (1pm) powder with water on the glass plate for 30 
minutes. 

(e) Polished with diamond paste (1pm) with hifin fluid on micro polishing cloth 
for 45 minutes. 

(d) Polished with diamond paste (0.25pm) with hifin fluid on micro polishing 
cloth for 45 minutes. 

After polishing, the pellets were cleaned with acetone by ultrasonic 
dismcmbrator. After cleaning the pellets were chemically etched with IMF: 
IHNO 3 solution, then thermally etched at 1300°C for 20 minutes in the furnace. 
The etched samples were coated with a AuPd coating by using a sputtering 
machine. Then the samples were examined in a scanning electron microscope 
(Model JSM 840A, JEOF, Japan). 

2.5 Fabrication and Characterization of Co-axial Resonator Devices 

Co-axial resonator devices with dimensions given in fig 2.2 were fabricated 
by dry pressing in a die using about 7 gms of powder for each device .The 
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sintering was carried out at 1400°C for 2h. The devices were clectroded using a 
sih er paste as before on all the four sides, the top surface and the inside hole. The 
quality factor Q and the resonance frequency f c . were measured using a network 
analyzer (Model HP 8719A HP 8720A/B). 



Figure 2-2^ Co-axial Resonator Devices with dimensions. 
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Results and Discussion 

3.1 Phases present in the calcined Powders 

The various phases present in the calcined powders were determined from 
X-ray diffractograms using the standard X-ray data for the various possible phases 
such as AI2O3, SrTi0 3 and SrAl^Om. X-ray data of these phases are given in 
tables 3.1 to 3.4. This data is combined in ascending 29 in table 3.5. In the 
calcined powders of different compositions only two phases AI2O3 and SrTi0 3 
were found. Fig 3.1 shows a diffractograms for calcined powders calcined at 
1 1()0°C for 4h. 

3.2 Density of the sintered samples 

The relative densities of the sintered pellets for different compositions are 
given in the table 3.6. The theoretical densities for different compositions were 
calculated assuming that only AI7O3 and SrTi0 3 phases are present in the amounts 
taken in the starting batch. The theoretical densities of AI2O3 and SrTiCf are taken 
to be 3.987 gm/cnr’ and 5.12 gm/cnv’ respectively. The theoretical densities of the 
batches are also listed in table. Highest densities (95 to 96 %) are obtained for the 
composition 5wt% SrTiCH followed by the composition lwt% SrTi0 3 . The density 
obtained for 2wt% SrTiO-? samples is lower which is surprising. The 8wt% SrTiO s 
samples sinter poorly to ~ 85% density. A plot between the sintered density and 
the composition is given in fig 3.2 .It is seen that the highest density (>96 %) is 
obtained for the 5 % composition and the lowest (<85.7) for the 8 wt% 
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Table 3.1: Standard X-ray data of AI 2 O 3 Phase 
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Table 3.2: Standard X-ray data of SrTi 03 Phase 
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Table 3.3: Standard X-ray data of SrAlaOi? Phase 


OOOO— CJC-TCOT — CVfCOOOOOO 
— »00000-«0000-«— ■ — ^CdO 


•CVJCS/COCOCOCv/OCOCOOJ — <\? CVJ CM C\J CO 


*n— cocQ*n"<rtOintOOtncoTTxroo 
— cow Oin iO co 


OOC^WCOn’^f^— •CVCOf^cOCOCOCO—* 
co — o — tovnr-c-cococooc-Tcoo-T 
^ ^^P^^cyrrtoqQ- 1 « 
W CO CO ^ ^ b- CD Q c ci Q O O CO cd 10 r* 
•OiOiOUOiOlOiOtOtOiC^ncOCOCOcOCDCO 


— cvjotiOOcdcvjc-tOcocvjco Toanrxoas - -oo< 
OOOOO—O—O—OOOOOOOOO — O— O' 




‘ Cv? CV? C\? O — cvi 00 ’ 


GDOOCOrruOOCDuOOr-iOOO -TOOOOOJO-COCOOO 

— co oo iow-oo t — oo r- t 


inr-*rcvo«o-cowoo — o co o «n -r — incoioococn 
CO woo tO-WC TO/ TOCOOCOOO— OOCOO/— coo 
r-o — uocyoTOcoo — t — — o-aocv cq f'-co — o — t 
cootto-— cicocooKr-’cocnoo — oi-rocrioo — 

— C\JC\JCV/C\?COCOCOCOCOCOCOCOCO TTTTTTTuOiOO 


U "O 

•— <o 

U jO 
C/J 

£ ~o 

o CU— 
~ o ^ 
**"• r* 

7, c - 


« V) - 

1^1 
2= to 


*tJ 3 *1/0 

I DC U KU 


c/j o "t5 tx: 


J 2 £ o i 
O *0 o o 

U CO CO — 


*~tr\ 


©1996 JCPDS-International Centre for Diffraction Data. All rights reserved. 



:}7~ tarn 

SrTiBAlOOl o 

Strontium Aluminum Tdmnum Oxide* 


Rad.: CuKa x. 1,54 17 Filler: Graph Mono d-sp. Diffractometer 
Cut off: hit.: Diffract. l/lcor.: 

Ref. Morgan. P,. Rockwell International Science Center. CA. 

USA. Private Communication. (1965) 


Sys.: Monoclinic S.G : CH/c (15) 

a. 22.7020 b: 11.0G39 0:9.7689 A: 2.0519 C 0.8830 

«: |V 08 652 If. 6 nip; 

Kef: Morgan, P.. Koutsoutis. M., J. Mater. Sci. Lett,, 4. 821 
(1985) 

Dx: 4 . 1 H Dm: SS/FOM. F;i ( rl2( .040. 64) 

Color: White 

Coprecipitation and firing at 1400-1600 C. Cell constants 
refined from higher angle lines with coincident hkl values with 
isolypes Ca Ti3 A18 019 and La Ti2 A19 019 For reflections over 
40 • 20 CuKal was used. Silicon used as an external stand. 

PSC: mC240. Mwt: 751.10. Volume[CD]: 2425 76. 
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TABLE: 3.6 Density of pellets from powders calcined at 1 100°C for 4 hours and 
sintered at 1400°C for 2 hours for different compositions. 


Nominal 

Composition 

wt % SrTiCK 

Theoretical Density 

gm/cm'\ 

% Theoretical Density 

1 

3.996 

93.77, 94.04, 93.85, 94.08, 



94.95, 95.9 

2 

4.003 

91.84, 92.62,91.11,91.75, 



90.38,90.55,90.25,90.80 

5 

4.03 1 7 

95.89, 95.96, 96.06, 95.39, 



95.45,94.91,94.34, 95.27 

8 

4.06 

85.65, 85.25, 84.90, 85.52, 

79.96, 79.97 


3.3 Phases in the sintered samples 

Figure 3.3 shows the XRD patterns of (1-x.) ALOa-xSrTiOj sintered at 
140()°e for 2 hours. The various phases present in the sintered samples were 
determinal in the same manner as in the case of calcined powder .The phases 
obtained are ALOu SrTiO.;, SrAliiOm and SrT^AlgOn). The SrTijAlgOio pha^e is 
in small amount in the 5% and 8% SrTi0 3 samples (peaks at 20 = 31.4 and 71.9) 
and not detectable at lower composition . As x increases the intensity of the (113) 
line (100%) for AI 2 0;, decreases in the range of x=0.01 to 0.05 and then increases 
for x 0.08. The other reflections from A1 2 0 3 i.c., (012), (104), (024), and (116) 
also show the same trend. 
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TABLE: 3.7 Comparision of phases in our samples with phase diagram [14]. The 
first column is the composition of our samples and the second column is the 
nearest composition for which data are available. 


wt% SrTiO;, 

Mole 

% in batch 

Phases from 

Ratio of 100% peaks 

in batch 

A1 2 0; 

SrO 

Ti0 2 

phase diagram 

in the obtained phases 

1 

08.89 

0.55 

0.55 

A1 2 O3 S rAl j 20 1 <) 

80.5 : 2.4: 17.1 





jSrTijAlsOm 


2 

97.76 

1.12 

1.12 

Do 

60.5 : 13.1 : 26.4 

5 

94.46 

2.77 

2.77 

Do 

30.4 : 23.2 : 46.4 

"s 

91.18 


4.4 

Do 

69.6 : 8.7 : 21.7 


For SrAl|iO|o phase the intensity of the 100?/o (1 14) line increases from x=0.01 to 
0.05 then decreases for x=0.08. The other lines i.e., (107), (205), and (2,0,1 1) also 
show this behaviour. For SrTiO;, phase the peak intensity increases for x=0.01 to 
0.05 and then decreases for x-0.08 for 100% (110) peak. These trends are 
reflected in the ratios of the 100% peaks of AI2O3, SrTiO; and SrAl^Om given in 
table 3.7. 

Zandbergan and ljdo|14] have investigated the phase relationships in the 
system SrO-TiCA-ALO;, • The phase diagram for the system at 1300°C is given in 
figure 3.4(a) .The various phases which are shown in the figure are Sr 2 Ti0 4 , 
SrffbO?, SrTiO’,, Sr;Al 2 0 ( „ SrAbO.4, S1A.I4O7, SrAli 2 0|c), TiAl 2 0.v These aiC all 
ternary phases. There are also two quaternary phases. These are SrTi 3 Al 8 Oio(x) 
and SrfriAI,«0 2 (i(y) • An enlarged view of the A1 2 0 3 rich comer of the above 
phase diagram is shown in figure 3.4(b). The compositions corresponding to the 
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A 

X=SrTi 3 Al 8 0 19 ! , 



Figure 3.4(a): Phase diagram 


of the SrO-TiOrAkOs system 


-r,o''r ■ 


at 1300”C 
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iguie 3.4(b); An enlarged 
thc s y st em AI 2 0 r Sr0-Ti0 2 


V aU30o'c Here' X-SrTn ' he phaSe dia S ram in 
1JU0 C. Here X- SrTi.,Al,0„, Y= Sr 3 TiAI 10 O 20 N 




batch composition arc converted to mol % in table 3.7 and marked as 1,2, 5,8 in 
figure 3.4(b). The phases expected for various compositions according to fig 
3.4(b) are given in table (3.7). For all compositions according to fig (3.4) the 
phases should be ALO-?, SrAl| 2 0|y and SrTi 3 AlgOj y . But experimentally we get the 
SrTiO: phases also in addition to these phases. This is expected because 
equilibrium is not achieved in our samples in the time used for sintering. Also the 
phase SrThAfsOp, is found in trace amounts in 5 and 8 wt% compositions. 

The variation of lattice parameter with composition gives clear information 
about solid solution formation. The lattice parameters of rhombohedral ALO:, 
hexagonal SrAl^Qn; and cubic SrTiO: are given in table 3.8, 3.9 and 3.10. These 
were calculated as described in the experimental section .The lattice parameters of 
all the three systems are also plotted against the weight fraction of SrTiO:, (fig 3.5- 
3.9). 


TAB1.H: 3.8 LA TTICE PARAMETERS OF A1 2 0 3 (Rhombohedral) System. 


\vt% Sr 

no* 

a(A°) 

C(A°) 

1 


4.7175 

12.8314 

2 

i 

4.7326 

12.8592 

5 


4.7490 

12.8722 

" 8 *~ 


4.7654 

13.0663 


TABLE: 3.9 LATTICE PARAMETERS OF SrAl 12 O iy (Hexagonal) System 


wt% SrTiO: 

a (A 0 ) 

c(A°) 

1 

5.6615 

22.2300 

2 

5.6529 

22.2053 

’5 

5.6009 

22.2003 

8 

5.4871 

21.8198 
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Lattice Parameter a 



I'iuure 3.9: Variation of lattice para 



Wt % SrTi0 3 


a (A) ofSrTiO., with SrTiO, content 



TABU-:: 3.10 LATTICE PARAMETER ofSrTIO, (Cubic System) 


vY V' o Sr i 1 O 3 

a(A°) 

i 

3.9117 

! 2 

3.8976 

i s 

1 

! 

1 

3.8904 

s 

3.8760 

It is ohstiN td that lattice parameters (a, c) of AI 2 O 3 system go on increasing 
as \\t 0 Si 1 i(); increases. In case of SrAl^Ojt) system lattice parameter (a, c) 
dec! case as Si 1 i( A content increases. For SrTiO^ system also lattice parameter c a’ 


decreases with increase of Sr I i0 3 content. The increase of lattice parameter (a, c) 
w ith increase of SrliO; content in ATOt system must be due to substitution of 
A1 (ionic radius 0.57 A 1 ’) ion by the bigger Ti h4 (ionic radius 0.64 A 0 ) ion[15]. 
This may occur according to the following scheme; 

4AI W -> 3Ti +4 

The changes in the lattice parameter of the SrAl^OiQ and SrTi0 3 phases show that 
A 1 ' is also entering their lattices in a reverse substitution. 

3.4 Miero.'drueliire 

The figures 3. 1 0 (a) to (e) show the microstructures of the polished surfaces 
of' the samples with different compositions. These SEM micrographs were used to 
determine the grain size. The grain boundaries of the grains were drawn on a 
tracing paper. Then keeping the tracing paper on a graph paper, the area enclosed 
by a grain w as determined. This was repeated for a large number of similar grains 
/rite average area of the grain was then calculated. From this the diameter of a 
circle with equal area was calculated and was taken to be the grain size .The grain 
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(e) 


iwt% SrTiOi (b) 2 wt% 

Figure 3.10: SEM micrographs of compositions (a) * t *q ( bac k scattered 
SrTi0 3 (c) 5 wt% SrTi0 3 (secondary image) (d) 5 wT/o a* • 
image) (e) 8 wt% SrTi0 3 


r a 


size for different types of grains such as (i.e., large, intermediate and small) for 
all compositions were determined in the same manner. The results are given in 
table 3.11. 

TABLE: 3.1 1 Grain sizes in different Samples. 


Grain Size (pm) 


Wt° o 

Large 

Medium 

Small grains 

% of theoretical 

SrTiO, 

grains 

Grains 


density 

1 

4.6 

1.8 

1.00 

95.9 

j 2 

t 

3.0 

— 

— 

92.62 

1 

I 5 

i 

: 3.8 


1.7 

95.5 

i ** 

tS 

2.9 


— 

80.00 


In 1 wf’o SrTiOi samples the grain boundaries are clearly visible. Grain 
size distribution is trimodal. The bigger grains are of size ~4.6 pm, medium size 
grains are id' 1 .8 pm and the finer grains are of size ~1.0 pm. Here the porosity is 
4. phi. It appears that the grains of different sizes belong to different phases (A1 2 0 : „ 
SrTiO, anil SrAI|.»(),«,). However this could not be confirmed. In 2 wt% samples 
the trimodal distribution is not clear, the grains are of average size 3 pm. In 5 wt% 
SrTiO, samples, the grain size is bimodal. Also the aspect ratio of most of the 
grains is cunGderalMy larger than lpm. The bigger grains are of size 3.8 pm and 
liner grains are of 1.7 pm. For 5 wt% samples we have taken secondary mode 
images and also back scattered images. From secondary mode images only mam 
phase which is ALO., phase is detected. But from back scattered images the second 
phases are also detected along with main phase (A1 2 0 3 ). Here the second phases 
are SrTiO , and SrAliA*>. In 8 wt % samples the A1 2 0 3 grains are of average size 
23) pm. Thus the grain size generally decreases as the amounts of the phases other 
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than AI2O3 increases. This is expected because the additional phases inhibit the 
grain growth of the matrix phase (A1 2 0 3 ). 

3.5 Dielectric Constant 

I he variation of dielectric constant with wt% SrTiOj in the batch is given 
in tig 3.12. from the figure it is observed that this dielectric constant is 10. c 2 for 
x-0.() 1 and slightly less for the other compositions. 

TABLE: 3.12 Dielectric constant (s r ) of the samples calcined at 1100° c /4hrs 
and sintered at 1400°C/2hrs. 


" ” 1 ~ , j* * 

wt°o ; Density 1 


SrTiO? j gm enf 
in i 


batch 


05.0 

02.62 

05.45 

70.07 


e, 

[meas) 


10.52 

0.5 

0.0 r 
0.45 


S, 

(cal) 

s, (cal) 

taking 

porosity 

s, of 

SrAfAo 

(cal) 

s, (cal ) 

using s r of 

SrAl 12O iq 

as 3.67 

10.238 

9.307 

15.9 

8.29 

10.48 

8.8 

3.58 

9.55 

17.25 

10.08 

2.25 

11.26 

12.11 

7.35 

30.9 

6.54 


The \ allies of the dielectric constant in a multiphase ceramic can be 
predicted by using a mixture rule. The logarithmic mixture rule (logs = 
Vilogui 1 \ fiogsf) [16] is usually found to have good agreement with the 
experimental values, initial calculation was carried out assuming that only the 
Al.»(); and Srl iO; phases are present. 

for calculation the dielectric constant of A1 2 0 3 and SrTi0 3 have been nken 
to he 10 and 205 respectively [10]. The logarithmic mixture rule is used for 
ealculntimi dielectric constant for 100% dense samples. The results are given in 

e 
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tabic a. 1 2. 1 he calculated values are next corrected for porosity of the samples. 
These are also given in table 3.12. 

The agreement between the measured and calculated values is not expected 
to be good as additional phase, mostly SrAl 12 0, ( , is also present .The dielectric 
constant of this phase is unknown. However knowing the amount of the three 
phases from the X-ray data and porosity, as given in table 3.7, and using the 
measured v alues of the dielectric constant of the samples, the dielectric constant 
of the SrAlj.'()|i, phase can be calculated. These are also given in table 3.12 .As 
can be seen, this varies between 2.2 and 30.9. To get a better estimate, different 
values of dielectric constant of SrAl|iOm phase between these two limits were 
used ami the difference between the calculated and measured values of the 
samples was minimized using the least squares Fig 3.11. The corresponding 
values of the dielectric constant of SrAI^Oi.; corresponding to the minimum 
deviation comes out to be 3.67. Using this value of Ss,aii 20 i i u the dielectric 
constant lor the samples are recalculated taking porosity into account and are 
tabulated in table 3.12 and plotted in figure 3 . 12 . It is seen that the calculated 
values agree reasonably with the measured values. A sample calculation is g : ven 
in Appendix ( '. 

3.6 Temperature ( o-efflcient of Resonant Frequency (TCF) 

The tempi, mime co-efficient of resonant frequency (TCF) data from table 
3.13 is plotted against wt% SrTiOj in fig (3.14). It is observed that TCF increases 
with the increase of \vt°« SrTiOv By taking the FCF of AI 2 O 3 and SrTiOi to be — 
67 and • 17(H) |3|, the TCF value of the samples can be calculated assuming that 
only the two phases (A!*Os and SrTiO.d arc present in the nominal amounts and 
using the relation TCF X, V, (TCF)j- These values are also plotted in fig 3.U 
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Figure 3,14: 
value. 
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Variation of TCF with wt% SrTiCb (a) measured value (b) calculate 
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TABLE: 3.13 Temperature co-efficient of resonant frequency (TCF) o.- the 
samples calcined at 1 l()0°C/4hrs and sintered at 1400° /2hrs . 


vvt "<> j Density TCF 

SrTiO', ! (meas) 

! i 

, 

TCF 

(cal) 

TCF (cal) 

Taking 

porosity 

TCF of 

SrAI 1 2 Om 

(ppm/°c) 

TCF(cal) 

taking s r of 

SrAI, 70,9 

1 ’ 9 5.0 ! -43.0 

-53.21 

-51 

-188.67 

-134.1 

I 2 92.62 -25.4 

j ! 

r -39.258~ 

-36.36 

-800 

-13.24 

! s 05,45 i -20.3 

” 2.449“ 

t 

2.337 

-851.6 

24.65 

8 79.97 1 1 .3 

45.20 

36.146 

-403.5 

-48.53 


N'e\t taking porosity into consideration the TCF value is recalculated and is 
ui\en in table 3.13. It is observed that there is significance difference between the 
calculated and the measured values. As wt% SrTi0 3 increases, the difference 
between the measured and the calculated values increases. This poor agreement is 
expected as the presence of the Sr Al, 2 Ou> phase has not been taken into account, 
faking the relative amounts of the three phases (A1 2 0 3 , SrAl, 2 0|.> and SrTi0 3 ) 
from the x-rav peak ratios and porosity the TCF for SrAl l2 0,c, phase can be 
calculated. I hese values are given in table 3.13. A best estimate of the TCF of 
Sr A 1 1 4 ) , u is obtained by the same procedure as described for the dielectric 
constant. This value of TCF of SrAl I2 0„ is -750 PP m/°C. Using this value, the 
T< T of the samples are recalculated and plotted in figure 3.14. The agreement is 
not v erv good. 1 his may be because the quantitative determination of the phases is 
not very accurate. However, this calculation does give an idea of the expected 
value of the TCF of SrAI, A sample calculation is given m Appendix D . 


58 



3.7 Properties of the co-axial resonators 

1 he dimension and the densities of all the co-axial resonator devices made 
ate given in table 3.14. It is seen that the density decreases as the amount of 
SrTiO, increases. Reasonable density of about 95 % is obtained only for th 1 % 
composition .It may be necessary to improve the processing or to use isostatic 
pressing to get higher density. 

The Q at 1.8 GHz and f 0 ot 1 wt% SrTiCb samples are given in table 3.15. 
A quality factor of - 800 is obtained which is acceptable for these devices. The 
resonant frequency depends on the dimension and can be adjusted depending on 
the requirements. 

The Q and of the other samples could not be measured as the network 
analyzer started malfunctioning. 


Talil.fi: 3.141 he dimensions and the densities of all the co-axial resonator devices. 


\\ t% 

SrTiO; 

Sample 

No 

Length 

Breath 

Height 

Dia of 

Hole 

Density 

%of 

(Theo) 

density 

1 


12.13 

12.08 

13.1 

3.6 

3.789 

94.82 


4 

12.13 

12.1 

13.18 

3.5 

3.7613 

94.12 

2 

1 

5 

f 

12.94 

12.87 

13.33 

3.8 

3.3349 

83.27 


r * ' 1 i 

6 

12.9 

12.88 

13.34 

3.8 

3.3404 

83.4 

5 

1 

13.1 

12.97 

13.8 

3.8 

3.0897 

76.6" 


2 

13.05 ' 

T37l6 — 

13.8 

3.7 

3.0482 

75.6 

8 

7 

13.03 

i 3.1 2 

14.3 

3.8 

2.9977 

73.85 


8 

" 1 3.0 ” 

13.08 

14.24 

3.7 

3.0085 

74.11 
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SUMMARY 


In this w oik commies in the system AI 2 O 3 — SrTi0 3 have been studied with 
a view to the i 1 suitability fot application in dielectric resonators .The compositions 
with weight fraction of SrTiOj, 0 . 01 , 0 . 02 , 0.03 and 0.08 have been studied. It is 
found that highest density (05 to 06 %) is obtained for composition 5 wt% SrTiO, 
followed by the composition 1 wt% SrTi0 3 . The density obtained for 2 wt% 
SrliO', samples is lower, which is surprising. The 8 wt% SrTi0 3 samples sinter 
poorly to about 85° <> density. 1 he major phases in the sintered samples are A1 2 0 3 , 
SrTiO.* and SrAf T)|„. fhe SrTi *Al s O(t> phase is present in small amount in the 5% 
and 8 "o samples. The increase in lattice parameter (a, c) of A1 2 0 3 with SrTi0 3 
content is due to substitution of A1 ion by bigger Tf 4 ion. 

The dielectric constant of the samples lies between 9.5 and 10.5. Then 
attempt was made to estimate the dielectric constant of the phase SrAl^O^ by 
using a logarithmic rule of mixture. The value of the dielectric constant of 
SrAl i >0|*» thus estimated comes out to be 3.7. However, as the quantities of the 
various phases w ere not determined very accurately. This value of 3.7 is only very 
crude estimate. 

The ft T of 1 w t°<> samples is -43, it changes to -20 for 5 wt% sample a and 
to 1 1 .3 lor the X w t° <> samples. Thus it appears possible to obtain a near zero value 
of the T< T by selecting a composition between 5 and 8 wt%. 

Similar to estimation of the dielectric constant, the TCF of the SrAl 12 0 19 
phase was also estimated using a rule of mixture. This came out to be -750 
ppm°( '. Again this is a crude estimate in view of the uncertainly in the amount of 


The aim of the investigation was to develop ceramics with dielectric constant of 
10 and I ( T of about zero. Based on the work done here. It can be said that a 
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composition containing AHOr5 to 8 wt% SrTiOj should yield these 
properties. However the densities obtained for these compositions are rather low 
and we need to be further improved by techniques such as cold isostatic pressing. 

Co-axial resonator devices prepared using the 1 wt% composition have a 
quality factor of 800 at 1.8 GHz. This value of ‘Q’ is in the acceptable range for 
Co-axial resonator devices. 
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Appendix-A 


Weight calculation lor a batch . 

The general (bnmilae used for a hatch preparation is (l-x)AI 2 G.? 
SrTiO.? .Here V is in weight fraction . 

For a w gm batch with composition x wt% SrTi0 3 . 

Weight of SrTiO? U X ;' 

100 

Weight of Ai >0.? 


Now the reaction is , 


SK'O? *TiO, SrTiO,? » (X) 2 


Now i mole of SrTiO.? ~1 mole of SrCO? 


183.5 gms of SrTiO.? = 147.62 gms of SrCO,? 


HA 

lot) 


gms of SrTiO? - 


147.62 uvv 
1 83.5 X 100 


gms of SrCO.? 


183.5 gms of SrTiO.? * 79.88 gms ofTi0 2 


fix 

ltio 


gms 


of SrTiO.? - 


79.88 IVx 
*183.5 X 100 


gms of Ti0 2 



So for a batch of W gms with x wt% SrTi0 3 composition , 


AIAA required 


u'(lOO-.v) 

100 


gms 


SrC'O? required 


147.02 

183.5* 


fix 

100 


gms 


Ti()i required 


70,88 H'x 
1 83.5 X 100 


gms 


for hxanipie : for a batch of 10 gms with composition 95wt% AI 2 O .1 and 5wt% 

SrTiO; 


A 14 )? required 


10(100-5) 

100 


gms 


0.5 gms 


SrC'C A required 


147.02 

183.5 


10x5 

x 

100 


0.4022 gms 


Ti( A required 


70.88 

X 

! 83.5 


10x5 

Too 


0.217 gms 

Considering weight loss on ignition after dried powder . The amount of powder to 

be taken for preparing samples is given as below . 



Suppose , x gms to be taken for one batch from a particular powder . 


y° o is the weight loss in that powder . 


Then the amounts of powder should be taken » 


'_100 ' 

J00-7, 


gms 


Hxample : 


The weight loss on ignition after dried powder for A1 2 0 3 is 0.36% 


The amount of dried powder to be taken = 


( 100 
, 100 - 0.36 


( 9 - 5 ) 

J 


=9.534 gms 


Appendix -B 


Theoretical Density calculation of a mixed phase system . 

I he general formula used for a batch preparation is (1 -x)A1 2 0 3 

xSrTiOi . Here \x' is in weight fraction . 

From staiuiard data , 

Density of AMh 3.987 gni/cm 3 
Density of Sr I iO>, 5.12 gm/cm' 



For a A\ ' gin batch with composition x vvt% SrTiO, . 


Weight ofAljOi 


u(KH)-.v) 
100 


gins 


Weight of Sri i()-, ■ " X - gms 

100 “ 


Volume of'AU), 


"(100 - . v ) 1 , 

X — enr 

100 3.987 


Yolum SiiiO; 


u.v 1 i 

• x - cm 

100 5.12 


1'otal \ < - mie 


11(100 A) 1 It 'A 1 

100 X 3.987 100 ' 12 


| 11(100 -A) 
l 398.7 


11 'A 

512 / 


cm 


I 100 ■ A ,v 
W 3- - 

l 398.7 512. 


enr 


Total weight w gms 


Theoretical Density 


Total Hvifiht 
'fold! volume 


gni/cm 3 

f lot) - .V x 

ljj 3 

l 398.7 512 J 



1 

100 -A- A- 

398.7 + 512 

Hxample: 

I* or 95 ADO^ and 5wt% Sr’l iO;, composition . 

f 

Theoretical Density ■ - — — 

100-5 5 

398.7 + 512 
4.03 16 gm/cm 3 

Similarly for other compositions can be calculated . 

Appendix-C 

Calculation of dielectric constant for SrAluOw phase from least square 

value . 

‘J he dielectric constant for SrAliAo phase was calculated from the 
measured dielectric constant , the 100% peak ratios for different phases from x- 
Ray difliaetoeiam and the density . 

The 100% peak ratios for different phases for different composition arc 

given in the table below . 







Wt°o 

r-r 

100% peaks in the obtained 

Density 

SrTi0 3 

measure 

phases 



d 

A1 2 0 3 : SrTiOj : SrAI, 2 0,o 


’ 1 

10.52 

80.5:2.4:17.1 

95.9 


9.5 

60.5: 13.1 :26.4 

92.62 

5 

' 9.9 1 

. — - 

30.4 : 23.2 : 46.4 

95.45 

s'” 


! 69.6:8.7:21.7 

; 

79.97 


Taking lOU"n peak ratios for l\vt% Srli0 3 composition . 
AM); : SiTiO; : SrAl|>0|*> as 0.8050 : 0.0240 : 0.1710 


For this composition the density is 95.9 . 


Multiply ing the above peak ratio with 0.959 ,we will get 


0.772 ; 0,025 : 0.1639 


The dielectric constant for Al>0 3 and SrTi0 3 are taken to be 1 0, 205 respectively . 


The dielectric constant for this composition is 10.52 . 


Now applying mixture rule , 


logt: \ ilogr.i .vdogttp vdoge 3 


log 10.52 O.7721ogl0 M).0231og205-H).16391oge 3 



I5.SS - 1 5.9 


5-1 


Similarly taking the peak ratios for other compositions the c, for SrAI, 2 0|< ; can be 
calculated . which are given in the table below . 



Now a, of SrAluOn) phase varies from 2.25 to 30.9 . Taking different 
dielectric constant of SrAl|jO|«> phase between 2 and 30 , the dielectric constant 
for the samples for different compositions are recalculated . Taking measured 
value and calculated value of e, , i(r. CX p-c C ai) 2 values are calculated considering 
different of SrAI*jO,., .which are given in table below . Then a graph is plotted 
between e„, and V<«; cxp -t; cai ) 2 .From the graph corresponding to least square 

value , the t:, of SrAI^Oi.j phase was noted . 

TABU; : 


| t\i xh.'oio 

% ‘ ' ‘ ' "2 

2 

’ 24.94 

l 1 f 9t * ( 1 » * f>9* M * 

\s 

i 

19.228 

I 3.u 

*16.312 



3.5 

15.27 

3.75 

15.24 

3.8125 

15.288 

3.875 

15.36 

4 

15.58 

6 

26.08 

8 

45.148 

10 

60.0 

1? 

! ' 95.8 

14 

1 24.68 

10 

j 155.16 


From the giaph the c, of SrAi^Oi.) comes out to be 3.67 . 


Appendix-D 


Calculation of KT for SrAl,A‘> phase from least square value . 


1 he 1 Cl* of SrAI, .<>,*» phase is also calculated by using the same procedure 
as described t'oi the dielectric constant . I he 1C F ol SiAI^On) vaiics between - 
188.07 and Kb 1 .0 . Faking different values of TCF between -188.67 and - 

85i.(> , the TCF of the samples are recalculated . From measured and calculated 
V ah, es oner, the values of V( TO wTCF «,) 2 are calculated .These values arc 

given in the table below . 


TABU:: 




Z(TCF„ lca -TCF l ,,) 2 

-100 

1163 65.1 5 

-200 

105711.9 

-300 

75011.82 

-400 

50543.7 

-500 

"32337.0 

-600 

19208.27 

-700 

1461 1.5 

-750 

14047.2 

-800 

15050.44 

-900 

21720.85 


From this graph corresponding to least square value, the TCP of SrAI^Oio phase 
was calculated .The TCF of SrAl^O^ phase comes to be -750 ppni/°C . 




Appendix E 


Software for lattice parameter calculation. 


Lattice parameter calculation for Cubic system 


II i no 1 ude« ;; I d i o . h> 

#includoMu<it.h . h> 

#def ine lambda 1.54056 
#define pi 3.1416 

main ( ) 

{ 

float theta [ 50 ], h [ 50], k [50], 1 [50] ,a, t,d,b,g, cs_sq; 
float sum__x, sum_xx, sum_y, sum_yy, sum__xy; ~ 

float m_a,o y; 
int i=0,n-0; 

char ifile [ 10] , ofile [10] ; 

FILE *fpt, *spt; 

system ("cleat ") ; 

printf ( " LATTICE PARAMETER calculation for cubic system 

printf ( "\n\n\n\n\n\n\n\n") ; 

printf {" Enter Data File Name: "); 

scanf ( " f s " , f* i f i He ) ; 
fpt = fopon (ifile, "r”) ; 
if (fpt ••• 0) { 

printf ("The File is Does Not Exist In The Current 
Direotory\n\n\n", ifile) ; 
exit ( ) ; 

} 

sprint i (of i ,1 e, be", ifile) ; 

spt « fopen (of i le, "w") ; 

while (f scanf (fpt, ”*f if if *Af theta [n] , &h [n] , &k [n] , &1 [n] ) !=EOF) 

{ 

n++; 

} 

printf (”\n No. of Data = %d\n\n'\n); 

f printf (spt, " RESULTS OF CUBIC SYSTEM FOR THE INPUT FILE \”%s\"\n 

\n", if xle ) j 

fprintf (spt, "2 (theta) Cos" 2 (theta) a \n") ; 

sum x«(); 



sum_yy =0 ; 

sum__xy=0 ; 

for(i=0;i <=n-1; i ++ ) 

{ 

t= (pi/180)* (theta [i] /2) ; 
b=lambda/ (sin(t) *2) ; 

g-(h[i]*h[i]+k[i]*k[i]+l[i]*l[i]) ; 

a=b*sqrt (g) ; 
if ( i --=0) 
d -a; 

c;; sq f •<•.;»( t ) *r.or, ( t ) ; 
sum - suin x > es sq; 
sum xx-~sum _xx+cs_sq*cs_sq; 
sum_y~surn _y+a; 
s urn _yy " s um__y y f a * a ; 
sum xy~sum_xy tcs_sq*a; 

fpi. int f (spt, "Xn'i* 5 . 5f ?.15.5f %15.5f ", theta [i] , cs_sq, a) ; 

} 

m a : - (.sum xy~ (sum _ x*sum_y/ (float) n) ) / (sum_xx- 
(sum x*sum_ x/ (float ) n) j ; 

c_y a (sum__y/n) -m__a* (sum_x/ ( float) n) ; 

print: t ( "\n a = %f \n",c_y); 

fpriritf (spt:, "\n\n After Extrapolation (cos sq. theta = 0) a 

\ n " , c__y ) ; 
fclose(fpt) ; 
f close (spt) ; 

printf("\n Results Available In %s 

\n\n\n", of i .1 e) ; 

printfC Thank You\n\n\n\n" ) ; 


Lattice parameter calculation for Hexagonal System 


#i nc l ude«s td io . h> 

#incl udocmat: h . h> 
llde fine lambda l.bWiS 
tf define pi 3.141b 
#def ine iteration 20 


= %f 


main ( ) 

1 

float; theta [ 50 ) , h { 50 } , k ( 50 ] , 1 [ 50 ] , a, c, c_a; 



float sum_x, sum_xx, sum_y, sum_yy, sum_z, sum_zz, sum xy, sum xz,t,b,g,cs sq; 
float m_a, m_c, c_y, c_z, p, q, al, a2, bl, b2, dl, d2; ~ ~ ~ 4 

int i=0, 1=0, n=0; 

char if ile [ 10] , ofile [10] ; 

FILE *fpt, * spt ; 
system ( "clear " ) ; 
printf ( " 

") ; 


LATTICE PARAMETER CALCULATION FOR HEXAGONAL SYSTEM 


print f ( "\n\n\n\n\n\n\n\n" ) ; 

printf (" Enter Data File Name: "); 

scanf ( " * s " , & i f i 1 e ) ; 
fpt = fopen ( if i le, "r") ; 
if (fpt - --- 0) { 

printf ("The File rs Does Not Exist In The Current 

Directory\n\n\n", i fi le) ; 
exi t ( ) ; 

} 


sprintf (ofile, " . hex", ifile) ; 
spt = fopen (of ile, "w") ; 

while ( f scant ( fpt , " r,f *£ v,f theta [n] , &h [n] , &k [n] , &1 [n] ) !=EOF) 


nf t ; 

} 

print.f("\n No. of Data='i t .d\n\n\n", n) ; 

/*Init. iaJ o/a calculation*/ 

p=si n (pi /I HO * t hot. a [ 0 ] / 2 ) ; 

q~sin (pi / 1 HU * ! beta ( 1 ] /?. ) ; 

al --p *p/ ( 1 ambda * .1 ambda ) ; 

a2=q*q/ ( lambda * 1 ambda) ; 

dl - 1 [ 01 * 1101 / 4 ; 

d2 r -l [ 1 ] * 1 tl]/4; 

bl” (h( 0] *h[0] i Ji 10) * k [ 0 1 t k [ 0 ] * k [ 0 ) ) / 3 ; 
b2-' ( h [ 1 J * h 1 1 ) * h { 1 j * k [ 1 ] t k [ 1 j *k[lj )/3; 
c_a=sqrt ( (al *d 2 ~a 2 *d,l ) / (a 2 *bl-al*b 2 ) ) ; 


f printf (apt. , "LATTICE PARAMETER CALCULATION OF HEXAGONAL SYSTEM FOR THE 

INPUT FILE ifile) ; 

printf ("Ini t ini value of c/a ~ *f\n\n" , c_a) ; 

fprint f (spt , " I ni t ial value of c/a = %f\n\n", c a); 


for ( j = 0; i< iteration; j + + ) 

f 

sum x 0; 
sum xx 0 ; 
sum y t); 
sum_ yy 0; 
sum__x-0; 
sum_£;: - 0; 
sum_ x;: ■ U; 
surn ^y^O; 

fpri nt f (spt, , *' 1 1 e ration No :M\n\n", ( j+1) ) ; 

print'! ("it eruf, i on No: *d\n", ( j + 1) ) ; 



Cos A 2 (theta) 


a 


fprintf ( spt, "2 (theta) 
c\n") ! 


for (i=0; i<=n-l; i++) 

{ 

t- (pi/ 180) * ( theta [i] /2) ; 
b=lambda/sin (t) ; 

g - (h [ i ] *h [ i 1 +h [i]*k[i]+k[i]*k[i))/3; 
a--b*sqt t (g f ( 1 [ i ] * 1 [ i ) ) / (4 *c_a*c_a) ) ; 
c-b* sqrt (g* (c_a*c_a) + ( 1 [i] *l[i]/4) ) ; 

cs sq---cos ( t ) * cos ( t ) ; 
suin_x~sum_x-f cs_sq; 
s um_ x x - s um_x x + c s__s q * c s_s q ; 
sum_y-sum_y fa; 
sum _yy-sum_yy4a*a; 
sum _r.-sum_z4c; 
sum zz •■sutn _zr.+c*c; 
suirTxy ■snm_xy4 cs _sq*a; 
s urn x 7. • sum xr. * cs s q * c ; 

fprintf (spi, "\n*.5.bf '■‘■15.5f $15. 5f %15 . 5f ", theta [i ] , cs_sq, a, c) ; 


} 

m a ■ (sum xy- (sum x*sum_y/ (float) n) ) / (sum_xx- 

(sum x*sum >:/ ( float ) n) ) ; 

“ m c- ( sum xz- (sum xtsunpz/ (float) n) ) / (sum_xx- 

( sum x * s utn x / ( 1 1 oa t. ) it) ) ; 

~c y- (sum y/n) -m a* (sumjx/ (float) n) ; 
c" ( sum r./n) -me* (sum_ x/ (float) n) ; 
c a ■ c 7 . /c y; 

fptint t (spt , "\rAn a = %f c - %f c/a = 

*f\n\n\n",e y,c/.:,e a) ; 

print 1 t ("\n a * t c ” 'ft c/a = %f\n\n\n", c_y, c_z, c_a) ; 


1 

f close ( i pt ) ; 
f close (spt ) ; 
print!' ( "\u 
print! ( " 


Results Available In %s \n\n\n", ofile) ; 
Thank You\n\n\n\n") ; 


} 


Lattice parameter Calculation for Rhombhohedral System 


jl i no 1 tiii‘ ” s t, ‘I i *> * h '* 

#inciude<mat.h. h> 
Sdefine lambda 1 . h<10bb 
#def ine pi 3.1416 
tf define iteration 20 


main ( ) 



{ 

float theta [50] , h [ 50 ] , k [ 50 ] , 1 [ 50 ] , a, c, c_a, alpha; 

float sum_x, sum_xx, sum_y , sum_yy, sum_z, sum_zz, sum_xy, sum_xz, t , b, g, cs sq 

float m_a,m_c, c_y, c_z, p, q, al , a2, bl, b2 , dl, d2; 

int i=0,j=0,n=0; 

char ifile [10] , ofile [10] ; 

FILE *fpt, *spt; 
system ( "clear" ) ; 

printf ( " LATTICE PARAMETER CALCULATION FOR RHOMBHOHEDRAL 

SYSTEM ") ; 

printf ("\n\n\n\n\n\n\n\n") ; 

printf (" Enter Data File Name: "); 

scanf ( "%s", &if ile) ; 
fpt = fopen ( if ile, "r") ; 
if (fpt == 0) { 

printf ("The File %s Does Not Exist In The Current 
Directory\n\n\n", ifile) ; 
exit ( ) ,* 

} 

sprintf (ofile, "%s . rora", ifile) ; 
spt = fopen (of ile, "w") ; 

while (fscanf (fpt, "%f %f %f %f ", stheta [n] , &h [n] , &k [n] , &1 [n] ) !=EOF) 

{ 

n++; 

} 

printf ("\n No. of Data=s)d\n\n\n", n) ; 

/*Initial c/a calculation*/ 
p=sin (pi /ISO* theta [0] /2) ; 
q=sin(pi/180*theta[l]/2) ; 
al=p*p/ (lambda*lambda) ; 
a2=q*q/ (lambda* lambda) ; 
dl=l[0]*l[Q)/4; 
d2=l [l]*l[l]/4; 

bl= (h [0] *h[0]+h[0]*k[0]+k[0]*k[0])/3; 
b2=(h[l] *h[l]+h[l]*k[l]+k[l]*k[l] )/3; 
c__a=sqrt ( (al*d2-a2*dl) / (a2*bl-al*b2) ) ; 

fprintf (spt, "LATTICE PARAMETER CALCULATION OF ROMBHOHEDRAL SYSTEM FOR 

THE INPUT FILE \"*s\”\n\n M , ifile) ; 

printf ("Initial value of c/a = %f \n\n", c_a) ; 

fprintf (spt, "Initial value of c/a = %f\n\n", c_a) ; 

for ( j=0; j<iteration; j++) 

{ 

sum_x=0; 

sum_xx~0; 

sum_y=0; 

sum_yy=0; 

sum_z=0; 

sum_zz=0; 

sum_xz=0; 

sum_xy=0; 
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fprintf (spt, "Iteration No: %d\n\n", ( j+1) ) ; 
printf ( "Iteration No: %d\n", ( j + 1) ) ; 
fprintf (spt, "2 (theta) Cos A 2 (theta) a 

c\n" ) ; 

for (i=0;i<=n-l;i++) 

{ 

t= (pi/ 180) * (theta [i] /2 ) ; 
b= lambda /sin (t ) ; 

g=(h[i]*h[i]+h[i]*k[i]+k[i]*k[i])/ 3 ; 
a-b* sqrt (g+ (1 [i] *1 [i] ) / (4*c_a*c_a) ) ; 
c=b*sqrt (g* (c_a*c_a) + (1 [i] *l[i]/4) ) ; 

cs_sq=cos (t) *cos (t) ; 
sum_x=sum_x+cs_sq; 
sum_xx=sum_xx+cs__sq*cs sq; 
sum_y-sum_y+a; 
sum yy^sum yyfa*a; 
sum^z-sum^z-f c; 
s um_ zz~s um__z z+c*c; 
s um_x y = s um_x y + cs_sq*a; 
s u kz-s um_x z-f cs_sq^c; 

fprintf (spt, "\n%5.5f %15.5f %15.5f %15 . 5f ", theta [i] , cs_sq, a, c) ; 

} 

m_a= (sum_xy- (sum_x*sum_y/ (float) n) ) / (sum xx- 
(sum_x*sum_x/ (float) n) ) ; 

m_c~ (sum__xz- (sum_x*sum_z/ (float ) n) ) / (sum xx- 
(sum_x*sum_x/ ( float ) n) ) ; 

c_y=(sum_y/n) -m_a* (sum_x/ (float) n) ; 
c_ z- (sum_z/n) -m_c* (sum_x/ (float ) n) ; 
c _a“ c _ 2 / c __y; 

fprintf (spt, "\n\n a = %f c = %f c/a = 

?,f \n\n\n", c_y, c_z, c_a) ; 

printf ("”\n a = %f c = %f c/a = %f \n\n\n", c_y, c_z, c_a) ; 


} 

a«stqr t ( 3 *c _y*c y+c_z *c_z ) /3; 

al.pha--180/pi*2*asin (3/ (2*sqrt (3+ ( (c_z*c_z) / (c_y*c_y) ) ) ) ) ; 
fprintf (spt, "\n\nFor Rhombohedral System..."); 
fprintf (spt, "\n\n a = fcf alpha = %f 

degree\n\n\n", a, alpha) ; 

printf ("\n\nFor Rhombohedral System..."); 
printf ("\n\n a = %f alpha = %f 

degree\n\n\n", a, alpha) ; 
f close (fpt) ; 
f close (spt,) ; 

printf ("\n Results Available In %s \n\n\n", ofile) ; 

printf (" ’ Thank You\n\n\n\n" ) ; 

} 
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